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Enhanced Electrogenerated Chemiluminescence in
the Presence of Fluorinated Alcohols
David J. Vinyard and Mark M. Richter*
Department of Chemistry, Missouri State University, Springfield, Missouri 65897
The electrochemistry, UV-vis absorption, photolumines-
cence (PL), and coreactant electrogenerated chemilumi-
nescence (ECL) of Ru(bpy)32+ (where bpy ) 2,2′-bipyri-
dine) have been obtained in a series of hydroxylic solvents.
The solvents included fluorinated and nonfluorinated
alcohols and alcohol/water mixtures. Tri-n-propylamine
was used as the oxidative-reductive ECL coreactant. Blue
shifts of up to 30 nm in PL emission wavelength maxi-
mums are observed compared to a Ru(bpy)32+/H2O
standard due to interactions of the polar excited state (i.e.,
*Ru(bpy)32+) with the solvent media. For example, Ru-
(bpy)32+ in water has an emission maximum of 599 nm
while in the more polar hexafluoropropanol and trifluo-
roethanol it is 562 and 571 nm, respectively. ECL spectra
are similar to PL spectra, indicating the same excited state
is formed in both experiments. The difference between
the electrochemically reversible oxidation (Ru(bpy)32+/3+)
and first reduction (Ru(bpy)22+/1+) correlates well with the
energy gap observed in the luminescence experiments.
Although the ECL is linear in all solvents with [Ru-
(bpy)32+] ranging from 100 to 0.1 nm, little correlation
between the polarity of the solvent and the ECL efficiency
(Oecl ) number of photons per redox event) was observed.
However, dramatic increases in Oecl ranging from 6- to
270-fold were seen in mixed alcohol/water solutions.
Photoluminescent polypyridine complexes of Ru(II) (e.g., Ru-
(bpy)32+, where bpy ) 2,2-bipyridine), Os(II), and Re(I) have been
extensively studied due to their low-lying metal-to-ligand charge-
transfer (MLCT) excited states.1,2 Ruthenium complexes have
received particular attention due to their relatively high emission
quantum yields (e.g., φem(H2O) of Ru(bpy)32+ = 4.2%),3,4 long
excited-state lifetimes (e.g., τ = 600 ns), and the sensitivity of the
excited-state to environmental conditions (e.g., solvent, electro-
lyte, and temperature). Fundamental electrochemical,5 spectro-
scopic,1-3 and electrogenerated chemiluminescence6-11 studies of
Ru(II) systems have been crucial to arriving at an understanding
of their ground-and excited-state properties such that substances
having potential for specific applications can be designed at the
molecular level. For example, they have found application in areas
such as molecular catalysis,12 solar energy conversion,13 colori-
metric analysis,14 herbicides,15 molecular recognition,16 self-as-
sembly,17 and immunoassay and nucleic acid probes.18
Fluorinated alcohols such as 2,2,2-trifluoroethanol (TFE),
1-phenyl-2,2,2-trifluoroethanol (PhTFE) and 1,1,1,3,3,3-hexafluoro-
2-propanol (HFIP), Chart 1, have remarkable solvent properties
that distinguish them from their nonfluorinated analogues. They
denature the native structure of proteins and induce helicity in
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peptides,19 have high ionizing power20 and acidic character21 (e.g.,
pKa ) 12.4 for TFE and 9.3 for HFIP compared to 15.9 for ethanol
and 17.1 for 2-propanol), are strong hydrogen bond donors22 and
poor nucleophiles,23 and stabilize radical cations.24 They have also
been shown to be exceptional solvents for a variety of reaction
conditions, most notably oxidations.25 Fluorinated alcohols are also
more polar than their nonfluorinated counterparts, and this can
lead to changes in excited-state dynamics. For example, the
photoluminescence (PL) emission maximum of tris(bipyridyl)-
ruthenium(II) (Ru(bpy)32+) shifts 20 nm more blue in the presence
of TFE compared to a pure ethanol solution.26,27 This was
attributed to the enhanced polarity and extensive hydrogen
bonding in TFE.27 Therefore, it is surprising that the electrochemi-
cal and electrogenerated chemiluminescence (ECL) properties of
luminophores in fluorinated alcohols have not been thoroughly
investigated.
Electrogenerated chemiluminescence (also referred to as
electrochemiluminescence) is a technique that involves the
formation of excited states at or near the surface of an electrode
and is a sensitive probe of electron- and energy-transfer processes
at electrified interfaces.6-11 ECL is also being commercially
developed for use in clinical analyses (e.g., immunnoassays, DNA
probes) using Ru(bpy)32+ and a coreactant to generate an ECL
signal.28 ECL coreactants are species that, upon electrochemical
oxidation or reduction, produce intermediates that react with other
compounds to produce excited states capable of emitting light.29-31
For example, in the Ru(bpy)32+/tri-n-propylamine (TPrA) sys-
tem,32,33 an anodic potential oxidizes Ru(bpy)32+ to Ru(bpy)33+. The
coreactant is also oxidized and decomposes to produce a reducing
agent than can interact with Ru(bpy)33+ to form the excited state
(i.e., *Ru(bpy)32+).
Therefore, the electrochemistry, spectroscopy and ECL of Ru-
(bpy)32+ were studied in a series of fluorinated and nonfluorinated
alcohols and alcohol/water mixtures with the goal of understand-
ing the ground- and excited-state properties in these potentially
important systems.
EXPERIMENTAL SECTION
Materials. Ru(bpy)3Cl2‚6H2O (98%, Strem Chemical, New-
buryport, MA), ethanol (200 proof, Aaper Alcohol and Chemical
Co., Shelbyville, KY), 1-propanol (99.7%, Sigma-Aldrich, St. Louis,
MO), 2-propanol (>95%, Flinn Scientific, Inc., Batavia, IL), 1-bu-
tanol (99.8%, Sigma-Aldrich), 2,2,2-trifluoroethanol (g99%, Aldrich,
St. Louis, MO), 2,2,3,3-tetrafluoro-1-propanol (98%, Aldrich),
1,1,1,3,3,3-hexafluoro-2-propanol (>99%, Aldrich), 2,2,3,4,4,4-
hexafluoro-1-butanol (95%, Aldrich), and tri-n-propylamine (98%,
Aldrich) were used as supplied. Nonaqueous electrochemical and
ECL experiments used tetra-n-butylammonium hexafluorophos-
phate (Bu4NPF6; Aldrich) as the supporting electrolyte. Aqueous
experiments (including alcohol/water mixtures) were performed
in potassium phosphate (Spectrum Chemical Manufacturing Corp.,
Gardena, CA) buffered solution. Deionized water was filtered using
a Barnstead/Thermolyne triple filtration system.
Methods. Electrochemical analysis including square wave and
cyclic voltammetry without photon detection utilized a CH Instru-
ments electrochemical analyzer (Austin, TX) with a glassy carbon
working electrode (to prevent adsorption of compound on the
electrode surface). The glassy carbon electrode was cleaned after
each run by polishing with 0.05-µm alumina, followed by rinsing
with deionized and filtered water, sonication in dilute nitric acid
solution, and rinsing with water a second time.
ECL instrumentation and experimental methods have been
previously described34 and incorporated a conventional three-
electrode system incorporating a CH Instruments electrochemical
analyzer and a Hamamatsu HC 135 photomultiplier tube contained
in a “light-tight” box. Luminophore concentrations were between
100 and 0.1 nM and contained 40 mM TPrA and 0.1 M Bu4NPF6
in nonaqueous solutions or 0.18 M potassium phosphate at pH
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Chart 1. Structures of 2,2,2-Trifluoroethanol
(TFE), 1-Phenyl-2,2,2-trifluoroethanol (PhTFE),
and 1,1,1,3,3,3-Hexafluoro-2-propanol (HFP)
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8.0 ( 0.2 in aqueous (and mixed) solutions. All electrochemical
and ECL experiments were referenced with respect to a Ag/AgCl
electrode (0.20 V vs NHE).35 The Pt working electrode was
cleaned before each run by repeated cycling (+2.0 to -2.0 V) in
6.0 M sulfuric acid followed by sonication for 30 s in dilute nitric
acid and rinsing in deionized water.
UV-vis spectroscopy was performed using a Cary-100 UV-
visible spectrophotometer (Varian Inc., Palo Alto, CA). Photolu-
minescence spectroscopy and ECL spectra were obtained with a
Shimadzu RF-5301 spectrofluorophotometer (Shimadzu Corp.)
with detection between 500 and 700 nm. Slit widths for PL
spectroscopy were 3 nm while ECL spectroscopy used slit widths
of 20 nm. Excitation for photoluminescence was at the lowest
energy absorption wavelength maximum. Photoluminescence
efficiencies (φem; photons emitted per photons absorbed) were
obtained relative to Ru(bpy)32+ in water (φem (H2O) ) 0.042),36
and ECL efficiencies (φecl ) photons generated per redox event)
were obtained by literature methods,37,38 using Ru(bpy)32+ in
aqueous buffered solution (φecl ) 1) as the standard. Observed
photoluminescence efficiencies were corrected for varying refrac-
tive indices as shown in the equation below, where n is the
refractive index of the solvent and nw is the refractive index of
water.39
Refractive indices of solvent systems were tested using a
Bausch and Lomb refractometer with an attached water circulation
system to maintain a constant temperature of 25 °C. Values of
pure solvents were compared to literature values40 with less than
0.09% error.
Solvent systems were chosen based upon the proportion of
alcohol to water (by volume) that resulted in highest PL and ECL
emission. For highly miscible alcohols, 30% was found to be
optimum. Other alcohols were mixed to their maximum miscibility
in potassium phosphate-buffered aqueous solution.
Reported values for ECL intensity are based upon the average
of at least three scans with a relative standard deviation of (10%.
Values for photoluminescence intensity and electrochemical
oxidations and reductions are based upon the average of at least
three scans with a relative standard deviation of (5%.
RESULTS AND DISCUSSION
Electrochemical Properties. Cyclic and square wave volta-
mmetry were used to study the effect of different solvents on the
redox potentials for the oxidation and reduction of Ru(bpy)32+.
Data are presented in Table 1 for the mixed alcohol/water
systems. The electrochemistry of Ru(bpy)32+ has been extensively
studied in protic and aprotic solvents2,41 and is known to display
one metal-centered oxidation and three consecutive ligand-based
reductions. Unfortunately, only one reduction was observed in
these experiments due to reduction of the solvent at potentials
lower than -1.4 V (Table 1). All redox processes were reversible
with anodic and cathodic peak currents for an electrochemical
couple (i.e., ia/ic) of ∼1.0 and a peak-to-peak separation (∆Epp) of
∼70 mV. ∆Epp is less than or equal to that observed for
ferrocene+/0 under similar conditions indicating one-electron
processes, as expected.
Interestingly, the anodic half-wave potentials (E1/2A) and
cathodic half-wave potentials (E1/2C) shift in the presence of
fluorinated alcohols. For example, E1/2A is +1.177 V and E1/2C is
-1.107 V for 30% (v/v) TFE/H2O compared to +1.076 and -0.908
V in water, indicating a greater splitting between the lowest
unoccupied molecular orbital (LUMO) of Ru(bpy)32+ and its
highest occupied molecular orbital (HOMO) in the hydroxylic
solvents as compared to water. This suggests a stronger interac-
tion between Ru(bpy)32+ and solvent molecules that may be due
to hydrogen-bonding interactions and greater polarity in the
alcohol/water mixtures.1,26,27
Cyclic voltammograms of Ru(bpy)32+ in the presence of TPrA
show a broad, irreversible oxidation centered at ∼ +0.9 V
characteristic of TPrA.32 Also, the peak potential and current of
the oxidative wave are independent of solution composition (e.g.,
30% (v/v) TFE/H2O vs H2O) within experimental error.
UV-vis and Photoluminescence. Typical UV-vis absorption
and photoluminescence spectra for Ru(bpy)32+ in 30:70 (v/v) TFE/
H2O is shown in Figure 1. Data for Ru(bpy)32+ in all the solvents
are presented in Table 2. UV-vis spectra of Ru(bpy)32+ are
(35) Bard, A. J., Faulkner, L. R. Electrochemical Methods Fundamentals and
Applications, 2nd ed.; Wiley: New York, 2001.
(36) Van Houten, J.; Watts, R. J. J. Am. Chem. Soc. 1976, 98, 4853.
(37) White, H. S.; Bard, A. J. J. Am. Chem. Soc. 1977, 99, 5399.
(38) Richter, M. M.; Bard, A. J.; Kim, W. K.; Schmehl, R. H. Anal. Chem. 1998,
70, 310.
(39) Demas, J. N.; Crosby, G. A. J. Phys. Chem. 1971, 75, 991-1024.
(40) CRC Handbook of Chemistry and Physics, Lide, D. R., Ed.; Taylor and
Francis: Boca Raton, FL, 2006. (41) Tokel, N.; Bard, A. J. J. Am. Chem. Soc. 1972, 94, 2862-2863.
Table 1. Electrochemical and ECL Data for Ru(bpy)32+ in Mixed Alcohol/Water Solutions
solvent E1/2A a (V) E1/2C (V) ∆E1/2 (V) Eeclb (V)
water 1.08 -0.91 1.98 1.1
5% 1,1,1,3,3,3-hexafluoro-2-propanol (HFP) 1.18 -1.15 2.32 1.3
30% 2,2,2-trifluoroethanol (TFE) 1.18 -1.12 2.28 1.2
3% 2,2,3,4,4,4-hexafluoro-1-butanol (HFB) 1.22 -1.06 2.28 1.2
30% 2-fluoroethanol (FE) 1.12 -0.98 2.10 1.1
30% ethanol (EtOH) 1.12 -0.98 2.10 1.1
30% 2-propanol (2-PrOH) 1.12 -0.98 2.09 1.1
30% 1-propanol (1-PrOH) 1.10 -0.98 2.08 1.2
10% 2,2,3,3-tetrafluoro-1-propanol (TFP) 1.10 -0.96 2.07 1.3
5% 1-butanol (BuOH) 1.10 -0.96 2.06 1.1
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characterized by a series of ligand-based transitions in the UV
with Ru(dπ)-bpy(π*) MLCT bands in the visible.1-4 The energies
of the MLCT bands are slightly solvent dependent, and the
absorption energy for the lowest energy maximum shifts between
0 and 10 nm higher in energy on going from water to the alcohols
and mixed alcohol/water solvents. For example, λabs ) 453 nm
for Ru(bpy)32+ in water and 446 nm in both TFE and 30:70 (v/v)
TFE/H2O. This correlates with the ∆E1/2 (E1/2A - E1/2C) values
(Table 1). Interestingly, the ligand based π-π* absorption
centered around 286 nm appears less solvent dependent than the
MCLT transitions. Similar results were observed for Ru(bpy)32+
and several osmium-polypyridine complexes in aprotic solvents42
and was interpreted based on the dielectric continuum theory,
where the dielectric constant of the solvent can influence
electronic transition energies.43 Furthermore, the study indicated
that initial population of the MLCT states was localized on a single
ligand,42 allowing a dipole to exist that can interact with the solvent
sphere.
Excitation into the broad visible absorbance band around 450
nm produces room-temperature luminescence for Ru(bpy)32+ in
all solvents and mixtures. An emission band is observed at 599
nm in water and at higher energies in alcohol and alcohol:water
mixtures (Table 2). Since it is possible to estimate solvent polarity
using the refractive index27 (a higher refractive index indicates a
lower solvent polarity), these values were obtained (Table 2) and
used to compare emission wavelengths and photoluminescence
efficiencies with solvent polarity. In general, λem increased with
increasing polarity of the solvent. A study of Ru(bpy)32+ in a series
of monovalent linear alcohols observed a similar trend.26,27 As
expected, given the solvent-dependent nature of the UV-vis and
electrochemical data, HFP displays the greatest blue shift with
an emission maximum at 562 nm. In fact, a comparison between
∆E1/2 of mixed solutions and PL emission wavelength shows a
clear correlation (Figure 2). As the dipole moment of *Ru(bpy)32+
is more strongly influenced by solvent interactions, the HOMO-
LUMO gap increases resulting in larger ∆E1/2 values and higher
energy emission. This matches other studies on Ru(bpy)32+ where
changes in nature of the solvation sphere effected both the
radiative and nonradiative decay processes.1,3,4,26,27 In the case of
hydroxylic solvents, the interactions are via hydrogen bonding
and dipole forces between the electron-rich diimine region44 of
Ru(bpy)32+ and the solvent molecules.27
Photoluminescence efficiencies (φem; photons emitted per
photons absorbed) for Ru(bpy)32+ are reported in Table 2 and are
also solvent dependent. In general, the values are lower than Ru-
(bpy)32+ in water. However, for the mixed solvent systems of 30%
EtOH, 30% 2-PrOH, 10% TFP, and 5%BuOH, they are higher than
φem in water or pure alcohol under identical conditions. The
photoluminescence efficiencies also tend to increase with lower
solvent polarity. This was also observed for Ru(bpy)32+ in a series
of nonfluorinated alcohols as well as TFE27 and was traced to
increased nonradiative decay as the polarity of the solvent
increased.
Electrogenerated Chemiluminescence. ECL was observed
for Ru(bpy)32+ in aqueous, alcohol, and mixed alcohol/water
solutions at a Pt interface by sweeping to positive potentials in
the presence of 0.04 M TPrA. An example of ECL intensity versus
[TPrA] at constant concentration of Ru(bpy)32+ is shown in Figure
3. Maximum intensity was reached at 40 mM TPrA in a majority
of the solvent systems. Therefore, this concentration of coreactant
was used for all ECL studies. It is well-known that Ru(bpy)32+ can
react with hydroxyl groups to produce ECL. This occurs upon
oxidation in aqueous alkaline solutions of pH g 10.45 To be certain
that the alcohols were acting as solvents and not coreactants, all
experiments in this study were run at pH ) 8.0 ( 0.2. Background
studies also confirmed that very little ECL was emitted at this pH
when TPrA was absent from solution.
The ECL intensity peaks at potentials between +1.1 and +1.3
V (Table 1 and Figure 4), indicating oxidation of both TPrA (Ea
∼ +0.9 V vs Ag/AgCl)32,33 and Ru(bpy)32+ (E1/2A from +1.0 to
+1.2 V) has occurred. ECL emission spectra in each solvent
(Figure 5) are similar to photoluminescence spectra in both shape
and wavelength of maximum emission, indicating the same MLCT
excited state is formed in both experiments. Also, it indicates that
the effects of the solvent sphere observed in PL experiments are
similar for the ECL excited state and that the presence of TPrA
and electrolytes in solution does not interfere with these
processes.
ECL efficiencies (φecl; photons emitted per redox event) are
shown in Table 2. Due to the insolubility of aqueous electrolytes
in pure alcohols, Bu4NPF6 was used to study the ECL of
Ru(bpy)32+ in these solvents. All others used 0.18 M potassium
phosphate. For the pure alcohols, φecl mirrors the trends observed
for φem. Namely, the lower the polarity of the solvent the higher
the emission efficiency. For example, TFP has a refractive index
of 1.3210 and φecl of 0.800 while HFP has n ) 1.2750 and φecl )
0.072. In the mixed solvent systems, however, the picture is more
complex and no clear trend between solvent polarity and emission
efficiency is observed. For example, 30% TFE has n ) 1.3266 and
φecl ) 267.7, water has n ) 1.3331 and φecl ) 1.00, and 30% EtOH
has n ) 1.3507 and φecl ) 14.8. The reasons for this are unclear
(42) Kober, E. M.; Sullivan, B. P.; Meyer, T. J. Inorg. Chem. 1984, 23, 2098-
2104.
(43) (a) Marcus, R. A. J. Chem. Phys. 1965, 43, 1261-1274. (b) Marcus, R. A.
J. Chem. Phys. 1963, 39, 1734-1740.
(44) Krug, W. P.; Demans, J. N. J. Am. Chem. Soc. 1979, 101, 4394.
(45) (a) Karatani, H.; Kojima, M.; Minakuchi, H.; Soga, N.; Shizuki, T. Anal. Chem.
Acta 1997, 337, 207-215. (b) Karatani, H. J. Photochem. Photobiol. 1994,
79, 71-80. (c) Karatani, H.; Shizuki, T. Electrochim. Acta 1996, 41, 1667-
1676. (d) Chen, X; Jia, L.; Wang, X.; Hu, G. Anal. Sci. 1997, 13, 71-75. (e)
Chen, X.; Sato, M.; Lin, Y. Microchem. J 1998, 58, 13-20. (f) Chen, X.; Jia,
L.; Sato, M. Huaxue Xuebao 1998, 56, 238-243.
Figure 1. UV-vis (s) and photoluminescence (- - -) of 10-5M
Ru(bpy)32+ in 30:70 (v/v) TFE/water (0.18 M potassium phosphate,
pH ) 8.0 ( 0.2).
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but may reflect hydrogen-bonding interactions between the
alcohols and water, with size and shape of the alcohol influencing
the extent to which the solvent sphere interacts with the excited-
state complex.
Surprisingly, the alcohol/water mixtures show dramatic in-
creases in φecl compared to the reference Ru(bpy)32+/H2O system
(φecl ) 1.0). For example, 5% BuOH has a φecl value of 6.4 while
30% EtOH has a value of 14.78 and 30% TFE a value of 267.7. These
increases are comparable to and in some cases much larger than
increases observed for the ECL of Ru(bpy)32+/TPrA in surfactant
solution.46-48 In the case of the nonionic surfactant Triton X-100
(polyoxyethylene(10) isooctylphenyl ether), it was shown that
adsorption of surfactant on Pt and Au electrodes renders the
surface more hydrophobic,46 facilitating coreactant oxidation and
leading to 10-fold increased ECL intensities in the Ru(bpy)32+/
TPrA system. This work was extended to a nonionic fluorosur-
factant (∼50-fold enhancement)49 and to ionic surfactants (∼30-
fold enhancement).50 Another approach to enhancing ECL emission(46) Zu, Y.; Bard, A. J. Anal. Chem. 2001, 73, 3960.
(47) Workman, S.; Richter, M. M. Anal. Chem. 2000, 72, 5556.
(48) Factor, B.; Muegge, B.; Workman, S.; Bolton, E.; Bos, J.; Richter, M. M.
Anal. Chem. 2001, 73, 4621.
(49) Li, F.; Zu, Y. Anal. Chem. 2004, 76, 1768-1772.
(50) Xu, G.; Pang, G.; Xu, B.; Dong, S.; Wong, K.-Y. Analyst 2005, 130, 541.
Table 2. Spectroscopic and ECL Data for Ru(bpy)32+
solvent na λabs (nm) λabs (nm) λemb (nm) φemobs c φem′ d λecl (nm) φecle, f
H2O 1.3331 453 286 599 0.042 0.042 604 1.0
HFP 1.2750 443 282 562 0.021 0.019 0.072g
5% HFP 1.3318 452 286 573 0.022 0.022 580 12.6
TFE 1.2907 446 283 571 0.033 0.030 0.094g
30% TFE 1.3266 446 284 578 0.032 0.031 588 267.7
HFB 1.3128 444 285 566 0.038 0.036 0.27g
3% HFB 1.3330 443 282 583 0.020 0.020 590 0.54
2-FE 1.3639 450 283 586 0.036 0.038 ---
30% 2-FE 1.3474 451 286 588 0.041 0.042 598 23.0
EtOH 1.3603 451 287 588 0.032 0.033 ---
30% EtOH 1.3507 451 286 591 0.050 0.051 598 14.8
2-PrOH 1.3763 449 287 591 0.033 0.035 ---
30% 2-PrOH 1.3553 453 286 593 0.052 0.053 600 46.4
1-PrOH 1.3841 451 287 590 0.027 0.029 ---
30% 1-PrOH 1.3550 453 286 594 0.039 0.041 600 73.2
TFP 1.3210 445 284 574 0.040 0.039 0.80g
10% TFP 1.3341 450 285 594 0.046 0.046 600 68.8
BuOH 1.3983 453 288 593 0.031 0.034 ---
5% BuOH 1.3375 453 286 596 0.048 0.049 603 6.42
a Refractive index of solvent without Ru(bpy)32+ or electrolyte. b Excited at respective lowest energy absorption (443-453 nm). c æem calculated
with respect to æref ) 0.042 for Ru(bpy)32+ in H2O. d Corrected for refractive index (see eq 1). e æecl calculated with respect to æref ) 1.00 for
Ru(bpy)32+ in aqueous buffered solution containing 0.18 M potassium phosphate, pH ) 8.0 ( 0.2. Solutions contained 100 nM Ru(bpy)32+ with 40
mM TPrA. f Average ECL intensities were ∼80 000 count/s for 10-8M Ru(bpy)32+ in the absence of alcohol. g 0.1 M TBAPF6 as electrolyte.
Figure 2. ∆E1/2 vs PL emission wavelength (9, s) and ECL
emission wavelength (B, - - -). PL: R2 ) 0.9333, y ) -0.0131x +
9.867. ECL: R2 ) 0.9273, y ) -0.0144x + 10.702.
Figure 3. ECL intensity vs [TPrA]. 10 nM Ru(bpy)32+ in 30:70 TFE/
water (0.18 M potassium phosphate, pH ) 8.0 ( 0.2). Each point is
the average of three runs with error bars at (10%.
Figure 4. ECL intensity vs potential for 10 nM Ru(bpy)32+ in 30:70
(v/v) TFE/water (0.18 M potassium phosphate, pH ) 8.0). Arrows
indicate the direction of forward and reverse scans.
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has been to find more efficient luminophores. For example, in
aqueous solution, Os(phen)2(dppene)2+ (dppene ) bis(diphe-
nylphosphino)ethene)51 shows a 2-fold increase in φecl compared
to Ru(bpy)32+, which was increased more than 10-fold upon
addition of Triton X-100.52 By varying the ligands attached to the
metal center in orthometalated iridium(III), systems resulted in
77 times higher ECL from iridium(III) complexes in the presence
of TPrA than that of the Ru(bpy)32+/TprA system.53 A 2-3-fold
enhancement was also observed for the bimetallic ruthenium
system [(bpy)2Ru]2(bphb)4+ (bphb ) 1,4-bis(4′-methyl-2,2′-bipy-
ridin-4-yl)benzene) using both annihilation and coreactant meth-
ods38 and up to 5-fold for a dendrimeric systems containing eight
Ru(bpy)32+ units at the periphery54 of a carbosilane dendrimer
platform. Clearly, the use of mixed alcohol/water mixtures, most
notably 30:70 (v/v) TFE/H2O, leads to significant improvement
in ECL and potentially much lower detection limits compared to
Ru(bpy)32+/TPrA in water, surfactant solutions, and alternate ECL
luminophores. The effect of surfactants on the ECL emission of
Ru(bpy)32+/TPrA in both fluorinated and nonfluorinated alcohols
is currently under study.
ECL is linear with respect to [Ru(bpy)32+] in all mixed solvent
systems with concentration of Ru(bpy)32+ being varied from from
100 to 0.1 nM. Correlation coefficients (r2) ranged from 0.9806 to
0.9988 (a minimum of 4 data points with a standard deviation of
(5%). A table with full equations and r2 values can be found in
the Supporting Information.
A typical ECL intensity versus time transient for Ru(bpy)32+
in a mixed solvent (i.e., 30% TFE) and in purely aqueous solution
is shown in Figure 6. The potential of the working electrode was
poised at +2.0 V over the course of 800 s while measuring ECL
intensity. As expected, in the absence of TFE, there was an
immediate increase in light intensity due to the higher concentra-
tions of coreactant and luminophore near the electrode surface
that then decreased over time and repeated cycling. This behavior
has been observed for Ru(bpy)32+ in other solvent systems and
indicates that ECL generation is diffusion controlled. Interestingly,
when 30% TFE is present in solution, the ECL continues to rise
over the course of the experiment. This reasons for this are
unclear but suggests that more ECL reaction events are occurring
in the presence of the fluorinated solvent, which may also explain
the enhanced ECL intensities.
CONCLUSIONS
This study illustrates the effects of a series of hydroxylic
solvents, including fluorinated alcohols, on the electrochemical,
spectroscopic, and coreactant (TPrA) electrogenerated chemilu-
minescence of Ru(bpy)32+. Hydrogen bonding and dipole forces
lead to dramatic changes in the ground- and excited-state proper-
ties in Ru(bpy)32+, including a larger difference between the first
electrochemical reduction and oxidation (∆E1/2) and shifts in UV-
vis absorption, PL, and ECL bands. Most notably, the higher the
polarity of the solvent, the larger ∆E1/2 and the higher energy of
maximum PL and ECL emission. Effects are also seen in PL and
ECL quantum yields for emission, where in all but the mixed
solvent ECL reactions, increases in φem and φecl are, in general,
related to lower polarity solvents. Dramatic increases in φecl
ranging from 6- to 270-fold are observed in mixed solvent systems
compared to Ru(bpy)32+/TPrA in water and open up a new area
for fundamental and applied ECL studies. For example, fluorinated
solvents may prove useful in diagnostic or environmental applica-
tions where greater sensitivity and detection limits are required.
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Figure 5. Normalized ECL spectra of 10-5M Ru(bpy)32+ (0.18 M
potassium phosphate, pH ) 8.0 ( 0.2) in aqueous solution (s) and
30% TFE (- - -).
Figure 6. ECL intensity vs time for 100 nM Ru(bpy)32+ in (A) 30:70
TFE/H2O (v/v) and (B) 0:100 TFE/H2O (v/v) with 40 mM TPrA and
0.18 M potassium phosphate pH ) 8.0. The potential was poised at
+2.0 V for the duration of the experiment.
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